East Tennessee State University

Digital Commons @ East Tennessee
State University
Electronic Theses and Dissertations

Student Works

5-2020

Changes in Land Use Land Cover (LULC), Surface Water Quality
and Modelling Surface Discharge in Beaver Creek Watershed,
Northeast Tennessee and Southwest Virginia
Tosin James
East Tennessee State University

Follow this and additional works at: https://dc.etsu.edu/etd
Part of the Environmental Monitoring Commons, Environmental Studies Commons, Geographic
Information Sciences Commons, Hydrology Commons, Remote Sensing Commons, Spatial Science
Commons, and the Water Resource Management Commons

Recommended Citation
James, Tosin, "Changes in Land Use Land Cover (LULC), Surface Water Quality and Modelling Surface
Discharge in Beaver Creek Watershed, Northeast Tennessee and Southwest Virginia" (2020). Electronic
Theses and Dissertations. Paper 3747. https://dc.etsu.edu/etd/3747

This Thesis - Open Access is brought to you for free and open access by the Student Works at Digital Commons @
East Tennessee State University. It has been accepted for inclusion in Electronic Theses and Dissertations by an
authorized administrator of Digital Commons @ East Tennessee State University. For more information, please
contact digilib@etsu.edu.

Changes in Land Use Land Cover (LULC), Surface Water Quality and Modelling Surface
Discharge in Beaver Creek Watershed, Northeast Tennessee and Southwest Virginia
________________________
A thesis
presented to
the faculty of the Department of Geosciences
East Tennessee State University

In partial fulfillment
of the requirements for the degree
Master of Science in Geosciences, Spatial Analysis concentration
______________________
by
Tosin Michael James
May 2020
_____________________
Dr. Ingrid Luffman, Chair
Dr. Eileen Ernenwein
Dr Arpita Nandi

Keywords: Water Quality, Hydrology, Modeling, Land Use/Land Cover, Escherichia coli

ABSTRACT
Changes in Land Use Land Cover (LULC), Surface Water Quality and Modelling Surface
discharge in Beaver Creek Watershed, Northeast Tennessee and Southwest Virginia
by
Tosin Michael James
Beaver Creek is an impaired streams that is not supporting its designated use for recreation due
to Escherichia coli (E.coli), and sediment. To address this problem, this thesis was divided into
two studies.
The first study explored changes in Land Use Land Cover (LULC), and its impact on surface
water quality. Changes in E.coli load between 1997-2001 and 2014-2018 were analyzed. Also,
Landsat data of 2001, and 2018 were examined in Terrset 18.31. Mann-Whitney test only
showed a significant reduction in E.coli for one site. Negative correlation was established
between E.coli load, and Developed LULC, Forest LULC, and Cultivated LULC.
The second study modelled discharge for Beaver Creek watershed using HEC-HMS. This study
simulated discharge in an upstream sub-watershed of Beaver Creek, and the full Beaver Creek
with a Nash-Sutcliffe of 0.007, and R2 0.20. Sub-basins with high discharge were identified for
further examination for possible high sediment load.
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CHAPTER 1. INTRODUCTION
Changes in land cover and land management practices have been observed as critical
factors behind changes in hydrological systems, which cause a difference in runoff such as
frequency of peak flow, volume of discharge, and water quality (Tong and Chen 2002; Bai et al.
2010). Land use may have a substantial impact on water quality, which may be degraded as
human activities increase (Ngoye and Machiwa 2004).
Relationships between land use and surface water quality are relevant topics for
discussion as human activities increase in a watershed (Ding et al. 2015). As more land cover
changes to impervious land use land cover (LULC), the hydrologic cycle is affected by
increasing storm runoff, reducing vegetation cover, and increasing transport of sediment to
streams, which may further impact water quality (Holman‐Dodds et al. 2003; Wilson and Weng
2010).
Changes from pervious to impervious land use patterns certainly provide many social and
economic beneﬁts like more housing units, more industrial places to work, which mayresult in
better quality of life (Chithra et al. 2015). However, they come at a price to the environment,
because the housing unit, and industries will generate more waste, and more trees will have to be
cut down. When forest land, agricultural land, and wetlands are built up to urban land use,
impervious surface area is increased, which affects the natural hydrologic condition within the
watershed by increasing runoff and nonpoint source (NPS) pollution (Tang 2005).
On a global scale, we have more than enough fresh clean water, but this resource is not
evenly distributed. For example, countries in western Asia are classified as extremely water
stressed while others in Northern America are termed low stressed (FOA 2003). The availability
of fresh clean water is a global concern in the face of continued population growth. In the United
States, western states have been dealing with freshwater shortages, with California increasing
water costs as a way to encourage responsible water usage (Ellie 2015).
The condition of water in relation to dissolved oxygen, bacteria levels, salinity, turbidity,
sediment load, and pathogens such as Escherichia coli (E. coli) is referred to as water quality
(Soviti 2002; Price and Wildeboer 2017). In Tennessee, the two most common pollutants in
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surface water are sediment and E.coli. (Barrigar et al. 2011; TDEC 2018). The Tennessee
Department of Environment and Conservation (TDEC) estimates that about 30 per cent of the
state's streams are of such poor water quality that they cannot support a healthy population of
fish and other aquatic wildlife, and almost 40 per cent are not fit for human recreation (National
Research Council 2001; TDEC 2014)
Urbanised watersheds are subject to impacts by runoff, and some types of Non-Point
Source (NPS) pollution like heavy metals, oil, and grease that run off from roads and residences
(Tang 2005). Research by Tong (2002) in Ohio revealed that land use is significantly related to
in-stream water quality especially for nitrogen, phosphorus, and fecal coliform.
Water quality standards (WQS) are provisions of state, territorial, authorised tribal, or
federal law approved by the United State Environmental Protection Agency (USEPA) that
describe the desired condition of a water body. Safeguarding water bodies to meet WQS uses is a
task that requires all stakeholder involvement in order to meet a set target. Efforts such as
development of Total Daily Maximum Load (TDML) for impaired waterbodies, and execution
of best management techniques to meet TMDLs, have been enacted under the Clean Water Act
(CWA). The TMDL identifies the total amount of pollutant that the waterbody can manage
without causing an impairment to the waterbody for it design purpose, and it proposes reductions
necessary to achieve that condition. Regardless, total restoration of impaired waterbodies is a
challenge in the face of continued land use change (Bhaduri et al. 2000).
The rise of geospatial technology, including remote sensing and GIS, has provided useful
tools to visualize and assess water quality condition and patterns of land use change over time.
These technologies have provided scientists with the tools to examine land use changes, assess
water quality, and develop hydrological models.
Historically, research in LULC change and its impact on surface water quality developed
over three phases (Tim and Jolly 1994; Huang et al. 2013). In the 1960s, the relationship
between land cover and water quality was studied to examine the effects of morphological
features of watersheds on turbidity, dissolved oxygen, and temperature of river water, and how it
impacts LULC (Bullard 1966; Harrel and Dorris 1968; Leopold 1968). Studies then evaluated
structural features of watersheds such as drainage density, stream order, and slope to see how
they relate to water quality parameters. In the 1970s, the emphasis was on analysis at the
12

watershed scale, where total precipitation in a basin, surface flow, percolation, groundwater
flow, soil, and geology were critical components involved in analysis (Aubertin and Patric 1974;
Buckhouse and Gifford 1976). For instance, the quality and quantity of fresh water in a basin
were examined as a product of the amount of precipitation, geology, soil composition, and
topography. In the hydrological cycle, water balances are examined from a watershed level.
Current categories of research focus on the use of remote sensing, geographic information
systems (GIS), and modelling to explore the impact of land cover on water surface quality (Sliva
and Williams 2001; Tong and Chen 2002; Ritchie et al. 2003;). With the assistance of GIS and
remote sensing technologies, a holistic analysis at a watershed scale can be performed,
comparing historical land cover to present land cover to examine the land use changes, and
assess how these changes affect water quality.
Earth Resources Technology Satellite program was launched in the 1970s by the National
Aeronautics and Space Administration (NASA), and later renamed Landsat, with the intent to
capture millions of satellite images for scientific studies. The first satellite, Landsat 1, had 80meter ground resolution, four spectral bands, and had a return period of 18 days, which is the
time the satellite takes to repeat a coverage cycle (NASA History 2020).
Landsat data offer a unique record of the land surface and its modification over time.
Landsat’s two most recent products are called Landsat 7 (ETM+) and Landsat 8 OLI
(Operational Land Imager). Landsat 7 carries the Enhanced Thematic Mapper Plus (ETM+)
sensor, which acquires high spatial resolution multispectral data that are distributed in scenes
approximately 183 km × 170 km. Landsat 7 data are acquired on the Worldwide Reference
System-2 (WRS-2) path/row system, and are delivered as 8-bit images with 256 grey levels.
Landsat 8 OLI (Operational Land Imager), which is the most recent, carries two-sensors: the
Operational Land Imager (OLI), and the Thermal Infrared Sensor (TIRS) (Irons et al. 2012). The
OLI and TIRS spectral bands remain broadly comparable to the Landsat 7 Enhanced Thematic
Mapper Plus (ETM +) bands. The moderate spatial resolution of Landsat imagery is sufficiently
resolved to enable chronicling of anthropogenic and natural change at local to global scales
(Gutman et al. 2008). Moreover, Landsat data have been used for mapping and monitoring of
land cover, land surface biophysical, and geophysical properties (Hansen and Loveland 2012;
Wulder et al. 2012). Landsat TM data have been used to estimate water quality parameters such
13

as suspended solids and chlorophyll-a. Turbidity and regression models to evaluate correlation
between water quality parameters and spectral reflectance values have been developed (Kulkarni
2011; Barrett and Frazier 2016).
Continuous innovation in satellite imagery and GIS were accompanied by advances in
hydrologic modeling which serves as a tool to model water flow and water quality in natural and
altered systems. Some of the free public domain software commonly used for hydrological
models are Soil & Water Assessment Tool (SWAT-https://swat.tamu.edu/), Modular FiniteDifference Flow (MODFLOW-https://www.usgs.gov/software/modflow-6-usgs-modularhydrologic-model), and Hydrologic Engineering Center – Hydrologic Modeling System (HECHMS). HEC-HMS is a reliable model first developed in 1992 by the US Army Corps of
Engineers that can be used for many hydrological simulation purposes, such as precipitation,
discharge, and sediment (Halwatura and Najim 2013). This software was a replacement for
HEC-1, which could only be run on a mainframe computer. The software has continuously
undergone updates, with the latest version, HEC-HMS version 4.3, released in November 2018.
The HEC-HMS model can be applied to analyze urban flooding, flood frequency, flood warning
system planning, reservoir spillway capacity, stream restoration, and stream discharge (U.S.
Army Corps of Engineers 2018).
The age of personal computers and the development of the Graphical User Interface
(GUI) based, user-friendly HEC-HMS model has produced another useful tool for hydrologists.
The HEC-HMS GUI provides easy access to components in the project. The watershed explorer
GUI is divided into three different parts: component, compute, and result. The component is
composed of multiple sub-parts; the four main model components are the Basin Model,
Meteorological Model, Control Specification, and Input data.
•

The Basin Model Component: This represents the physical watershed that the user
develops by adding and connecting hydrological elements which describe the
physical connectivity and associated processes in the watershed. Examples of these
hydrological elements are Sub-basin, Reach, Junction, Source, and Sink.

•

Meteorological Model Component: Precipitation required by the sub-basin element is
uploaded. The meteorological model can utilize observed discharge data (station
data), and gridded precipitation.
14

•

Control Specification Component: This sets the time period for the discharge
simulation run. Information such as starting date and time and ending date and time,
are supplied.

•

Input Data Component: This component makes use of precipitation data and
discharge data in the form of time-series data, paired data, and gridded data which are
often needed as a parameter or boundary condition in the basin and meteorological
model.

Modelling water quality in an impaired stream is useful for adequate management of the
stream. Hydrologic simulation employing computer models have advanced rapidly, and
computerized models have become essential tools for understanding human influences on river
flows and designing ecologically sustainable water management approaches (Halwatura and
Najim 2013).
The two factors identified as the reason for impairment in Beaver Creek were pathogens
and siltation due to sedimentation. These are common pollutants identified in Tennessee
waterbodies, and this thesis sought to address them: first by examining the changes in land use
and their impacts on water quality, this is aimed at addressing the pathogen impairment; and
second, by modelling discharge, this is aimed at identifying sub-basins with peak discharge. The
hope of these studies is to contribute to the wealth of knowledge needed to manage the Creek
further.
The thesis is divided into two studies; the first study, which is presented in Chapter 2,
examined LULC change that occurred in Beaver Creek between 2001, and 2018 using Landsat
images. This study also investigated the quantity of E.coli in the water body within this same
period, and statistically analyzed the relationship between LULC and E.coli. The second study,
which is presented in Chapter 3, developed a rainfall-runoff model for the watershed. The
watershed was divided into 15 different sub-basins, the sub-basins with the highest discharge
were identified, and finally discharge at the outlet of the creek was simulated. The rainfall-runoff
model was developed because high discharge is one of the drivers of sediment load, which has
been identified as a major contaminant of the creek.
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CHAPTER 2. CHANGES IN LAND COVER LAND USE AND ITS IMPACT ON SURFACE
WATER QUALITY IN BEAVER CREEK WATERSHED, NORTHEAST TENNESSEE AND
SOUTHWEST VIRGINIA
by
Tosin Michael James
May 2020
Dr. Ingrid Luffman, Chair
Dr. Eileen Ernenwein
Dr Arpita Nandi

Keywords: Water Quality, Hydrology, Land Use/Land Cover, Escherichia coli

INTRODUCTION
Relationships between land use and surface water quality are crucial topics as human
activities increase in a watershed (Ding et al. 2015). Hydrological cycles are continuously
influenced by changes in land cover which affect runoff such as frequency of peak flow, volume
of discharge, and water quality (Tong and Chen 2002; Bai et al. 2010). A study by Ngoye and
Machiwa in 2004, showed that changes in land cover have a substantial negative impact on water
quality. As more forest land, agricultural land, and wetlands are converted to urban land use, the
impervious surface is increased. This affects the natural hydrologic condition within the
watershed by increasing runoff and nonpoint source (NPS) pollution (Tang et al. 2005). When
more land area is converted to impervious land use land cover (LULC), the hydrologic cycle is
affected by increasing storm runoff, reducing vegetation cover, and increasing transport of
sediment to streams, which may further impact water quality (Holman‐Dodds et al. 2003; Wilson
and Weng 2010).
The conversion of pervious LULC to impervious LULC comes with an unquestionable
economic advantage to the public, such as the construction of more industrial outlets to
accommodate more workspace to encourage the employment of more workers or construction of
new housing units (Grove et al. 2006). However, this expansion of impervious LULC comes at a
16

price to the environment. When forest land, agricultural land, and wetlands are built up to urban
land use, impervious surface is increased, which affects the natural hydrologic condition within
the watershed by increasing runoff, and nonpoint source (NPS) pollution (Tang et al. 2005).
Universally, we have abundant supply of water for the world population. However, this
water is not readily and equally available (FOA 2003). This is a similar trend in the United
States, with states in the west coast developing techniques to conserve fresh water (NRC 2012).
Tennessee is generally not faced with lack of water supply, but has problems with contaminants
impairing its water bodies. In Tennessee, the two most common pollutants in surface water are
sediment and Escherichia coli (E.coli). (Barrigar et al. 2011; TDEC 2017). The Tennessee
Department of Environment and Conservation (TDEC) appraisal revealed that 50 per cent of
assessed waterbodies are impaired to some degree, and therefore, not supporting designated uses
(TDEC 2014).
E.coli, which is one of the contaminants imparing Beaver Creek, may be sourced from
feces, waste, polluted storm water, agricultural runoff, sewage overflows and leaking sewage
systems. These pollutants are Non-Point Source (NPS), except for sewage overflows and leaking
sewage systems with an identifiable point source. Other pollutants are heavy metals, oil, and
grease washed in from roads and residences (Tang et al. 2005; Barrigar et al. 2011). Efforts to
address this include setting water quality standards (WQS) that help describe the desired
condition of a water body and the means for protecting or achieving that condition. Ensuring that
water bodies continue to meet WQS for design uses is a significant challenge in the face of
continuous development. Efforts, such as Total Daily Maximum Load (TDML) development for
impaired waterbodies and implementation of management practices to meet TMDLs have been
put in place under the Clean Water Act (CWA). The TMDL determines the total amount of a
pollutant that the waterbody can handle without resulting in impairment of that waterbody for a
particular use such as aquatic habitat or recreation. It is used as a basis for watershed restoration
plans (see, for example, Barrigar et al. 2011). However, complete restoration of impaired
waterbodies is a challenge in the face of continuous development (Bhaduri et al. 2000).
Understanding the impact of LULC has been enhanced with the rise of geospatial
technology, including remote sensing and GIS. This has provided useful tools to visualize and
examine water quality condition and patterns of land use change over time. The advancement in
17

technologies have empowered scientists with the ability to analyze land use changes and relate
these changes to water quality parameters like E. coli. This includes the introduction of Earth
Resources Technology Satellite program, later renamed Landsat, which was first launched in the
1970s by National Aeronautics and Space Administration (NASA) with the aim to obtain
millions of satellite images for scientific surveys. Landsat’s latest products are Landsat 7
(ETM+), and Landsat 8 OLI (Operational Land Imager). Landsat 7 possesses an Enhanced
Thematic Mapper Plus (ETM+) sensor that distributes high spatial resolution multispectral data
over 183 km by 170 km extent. Landsat 8 OLI (Operational Land Imager) which is the most
recent of the two, carries two-sensors, the Operational Land Imager (OLI), and the Thermal
Infrared Sensor (TIRS) (Irons et al. 2012). The OLI, and TIRS spectral bands remain broadly
comparable to the Landsat 7 Enhanced Thematic Mapper Plus (ETM +) bands. Comparatively,
spatial resolution of Landsat imagery is adequately resolved to enable detailing of anthropogenic
and natural change at local to global scales (Gutman et al. 2008). Additionally, Landsat data have
seen usage in the area of analyzing land cover, and land surface biophysical and geophysical
properties (Hansen and Loveland 2012; Wulder et al. 2012).
One of the reasons for Beaver Creek’s impairment is the presence of pathogens (E. coli).
This study aimed to explore changes in land use and their relationship with water quality in the
hope of contributing to the body of knowledge needed to manage the Creek. LULC change in the
Beaver Creek watershed between 2001 and 2018 was examined using Landsat images. Changes
in the quantity of E.coli in the water body within this same period was assessed, and the
relationship between LULC and E.coli was statistically analyzed.

BACKGROUND OF STUDY AREA
Beaver Creek watershed lies within Northeast Tennessee and Southwest Virginia, and has
a total drainage area of 109.9 mi2. Approximately 52 % (57.3 mi2) of the watershed is in Sullivan
County, Tennessee, and 48 % (52.6 mi2) in Washington County, Virginia. Beaver Creek enters
the South Fork Holston River at mile 29.5.
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Figure 2.1: Location of Beaver Creek, Northeast Tennessee and Southwest Virginia
The Beaver Creek Watershed includes several tributaries, including Back Creek
(TN06010102042-0200), Little Creek (TN06010102 042 – 0400), and Cedar Creek
(TN06010102 042 – 0500). Land use in the Beaver Creek watershed in 2011, according to the
National Land Cover Dataset (Homer et al. 2012), is forest (36.0%), agriculture (32.8%), and
developed land (29.4%) with the remaining drainage area of the watershed a mix of open water,
woody wetland, and barren land.
The Beaver Creek watershed is located within EPA Ecoregion Level III for the portion
in Virginia and Level IV for the portion in Tennessee. EPA Ecoregions denote areas of general
similarity in ecosystems and the type, quality, and quantity of environmental resources (US
Environmental Protection Agency 2012). The study area lies within the Valley and Ridge
physiographic province. The parallel valley and ridge are caused by folded Paleozoic
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sedimentary rock which are the result of differential weathering of linear belts of rocks. These
processes are caused by recurrent folding and faulting. The geologic age consists of Ordovician
and Cambrian, with Dolostones (dolomite) and Limestones being the primary and secondary
minerals respectively (Hardeman et al. 1966; Tennessee Geologic Map Data). The soil layer at
the creek has abundant chert and dolostone fragments. The study area soil texture varied from
silty clay loam to silt loam, with more than 52% Dewey-Unorthents-Urban land complex (Soil
Survey Staff 2017).
Beaver Creek, Back Creek, and Little Creek are listed on the 2018 303(d) list as impaired
for E Coli and sediment. E Coli is either point sourced (e.g., untreated sanitary waste) or nonpoint sourced (e.g., livestock, urban runoff, or failing septic systems). Siltation is non-point
sourced (e.g., agricultural activities, roadways, and urban sources). The study area encompases
some impaired streams listed in the 303(d) Final Year 2018 namely; Beaver Creek, Little Creek,
and Back Creek. Some restoration work has been implemented in the Virginia portion of the
watershed, while the Tennessee portion has had a limited phase one restoration. The phase one
restoration concentrated on streambank stabilization and restoration to address sediment
impairment. A rain garden was installed to intercept parking lot run off near the TN/VA state
line (Luffman et al. 2016). However, the watershed is still classified as impaired, and therefore
the impact of land-use change on water quality is an essential topic for study. This study aimed
to examine the changes in land use, and the relationship between land use change and water
quality, to provide valuable information on drivers for water quality in this watershed and to
contribute to the knowledge needed to further restore the watershed and creek.

METHODS
The methods can be broken down into three steps: 1) identify changes in LULC,
2) compare historic and recent water samples for E.coli load and 3) statistically evaluate the
relationship between changes in LULC and surface water quality.
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Identify Changes in Land Cover Land Use (LULC) Between 2001 and 2018
Two data sets employed for this project were downloaded from the United States
Geological Survey (USGS) Earth Explorer website (https://earthexplorer.usgs.gov/). The first
was Landsat 7 ETM+ data taken on September 08, 2001, and the second was Landsat 8 OLI
image data taken on July 30, 2018. In TerrSet software version 18.3, the data were converted
from Geo-TIFF to IDRISI raster format, and the study area was also cropped using the window
tool. The cropped image of the Landsat 7 ETM+ from 2001 was displayed with color composite
Blue Green and Red (BGR) as R (band 3), NIR (band 4) and IR (band 5) while the Landsat 8OLI image from 2018 was displayed with comparable color composite with BGR as R (band 4),
NIR (band 5) and IR (band 6).
Based on literature reviews of Landsat data (Hansen and Loveland 2012, Wulder et al.
2012), a reconnaissance survey of the study area, and examination of historical and recent land
cover condition from Google Earth application, supervised classification was selected. Four
different classes -- Water, Forest, Cultivated and Developed -- were digitized to represent the
typical LULC categories that make up the information classes. Training sites were digitalized for
each category for 2001 and 2018 (Figure 2.2).

Figure 2.2: LULC training sites digitized for each category with year 2001 on the left and 2018
on the right
Signature comparison chart for year 2001 generally shows good separation for each of the
classes and slight differences in B1 and B3 (Figure 2.3). Also, for year 2018 Signature means
show good separation for Water and Developed, while Cultivated and Forest are distinguished by
minor difference in B6 & B7.
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Figure 2.3: Signature Means for the four classes, with year 2001 on the left and 2018 on the right

The principle multispectral images which are based on spectral properties of a classified pixel
were used and maximum likelihood supervised classification was employed based on the
foreknowledge of the study area.
Training areas were digitized for each of Water, Forest, Cultivated, and Developed to
represent the typical spectral classes that make up the information classes. Finally, a crosstabulation of 2001 and 2018 post-classification was done to calculate the areas that changed in
land cover classification over the period. Land change modeler was also carried out to
graphically represent these changes.
In order to assess the accuracy of classification done above, Classification Error
Assessment was carried out. This process involved generating a random sample of 57 points to
verify LULC of the sample points through visual interpretation of the source imagery.

Comparing Historical and Recent Water Samples
Three sampling sites were selected from prior Tennessee Department of Environment and
Conservation (TDEC) sampling sites on Beaver Creek in Tennessee, based on the availability of
historical data. The sample sites are: 1.0 (latitude 36.49, longitude -82.31), which is 1 mile
upstream of the confluence with South Holston River, at Buffalo Road; 11.0 (latitude 36.56,
longitude -82.32), which is 11 miles upstream of the confluence with South Holston River at
Rooster Front Park (upstream of the confluence with Steele Creek); and 15.3 (latitude 36.59,
longitude -82.19), 15.3 miles upstream of the confluence with South Holston River, at the
municipal parking lot in downtown Bristol, Tennessee. Water samples in 2018 were collected in
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triplicate at each site with a minimum of two days between sample collection, for a total of five
sets of samples collected within 30 days. This sampling strategy is termed “5 in 30” sampling.
The historical E.coli data retrieved from Johnson City TDEC applied a different technique in
collecting water samples, as such, values as high as 30,760 CFU/100mLwere reported.
To ensure Quality Control (QC) and Quality Assurance (QA), documentation of
procedure was drafted to detail actions to be taken; field notes were taken at each site and
laboratory blanks, trip blanks, and field blanks were also collected. In addition, nitrile gloves
were worn each time a water sample was collected and changed between samples. A dipper was
used to collect the water sample, permitting collection of the water sample from the middle of
the channel to avoid disturbing the stream bank, which could introduce sediment and
significantly affect the sample water. The sample water was collected in a sterile bottle, the
dipper was cleaned at each site with Liquinox and rinsed with deionized water to avoid crosscontamination between sampling sites. Furthermore, water samples were collected from
downstream to upstream to minimize the chance of contaminating the sample water. A cooler
with ice was used to transport the samples to the laboratory.
In the laboratory, samples were processed for E.coli using the Colilert Quanti-Tray 2000
procedure. Colilert reagent was added to each 100 mL water sample, and the bottle was recapped and agitated until the reagent was dissolved. The mixed water sample and reagent was
poured into trays and sealed. The sealed sample was then placed in an incubator for 24 hours at
35.5 0C. After 24 hours, trays were compared to the comparator and wells with equal or greater
yellow color were counted as positive for fecal coliform. Yellow wells that also fluoresced
equally or greater than the comparator were counted as positive for E.coli. Finally, the number of
large and small wells that were positive for E.coli was interpreted using an MPH table to
calculate E. coli concentration in colony forming units/100 mL (CFU/100 mL).
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Statistical Examination of Changes Between LULC and Surface Water Quality
First, three sub-basins were defined in the study area, with each sampling site marking
the sub-basin outlets. Sub-basin one, two, and three had their outlet sites as 15.3, 11.0, and 1.0
respectively, with the outlet for sub-basin three located 1.0 miles upstream of the creek outlet,
and housing sub-basins one and two. LULC in each sub-basin was individually classified.
Historical data for E.coli for the three sites were provided by TDEC Johnson City field office,
with some of the data reported E. Coli concentrations greater than 1011.2 CFU/100 mL, which is
the maximum value for the Colilert Quantitray method. Site 11.0 had historical data for only the
year 2002 which was not consistent with the two other sites. The average and geometric Mean of
E.coli concentrations were computed for each sub-basin, from the E.coli data and each class of
LULC in the spreadsheet. Due to inconsistent and variable sampling dates for the historical
E.coli data, a five-year data window was used for both historical data (1997-2001) and recent
data (2014-2018). The dataset of E. coli data were partitioned into four different groups for
analysis. These groups were selected as a way to assess and account for bias when combining
historical and recent data. The groups are defined as follows:
•

First Category: all available data within the study period without manipulation. This
group was used as a control but included higher concentrations of E. coli in historical
data than could be measured in the recent data, due to variability in methodology.

•

Second Category: all available data except data for site 11.0 because there were no
historical data for this site during 1997-2001. This group was used to isolate the influence
of the missing historical data.

•

Third Category: all available data within the study period, capping all E.coli data at
1011.2 CFU/100 mL, which is the maximum value for the Colilert Quanti tray method.
Capping the data at 1011.2 CFU/100mL was a conservative measure to reduce bias
associated with the potential for higher concentrations in historical data due to use of a
different laboratory method.

•

Fourth Category: all available data except data for site 11.0, capping all E.coli at 1011.2
CFU/100 mL. This group is similar to group 3, except that data for site 11.0 were not
included.
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For each data category outlined above, Pearson parametric and Spearman nonparametric
correlation coefficients were calculated between E.coli concentration and area of each LULC
class.
For each data category outlined above, Ordinary Least Squares (OLS) regression models
were developed for E. coli concentration (dependent variable) using Developed LULC,
Cultivated LULC and Forest LULC as independent variables, and the forward method which
adds variables in order of significance. The Mann-Whitney U test was used to assess whether
differences between historical E.coli load and recent E.coli load at each sampling site were
statistically significant. IBM SPSS Statistics 25 (IBM, 2017) was employed for the analysis and
model development.

RESULTS
The results are presented in three different sections namely: (1) Changes in LULC;
(2) Changes in water quality: E.coli load and; (3) The statistical relationship between changes in
LULC and water quality.
Changes in LULC
The purpose of this step was to present the changes that have occurred in LULC between
2001 and 2018 in Beaver Creek, including noticeable land changes and the percentage gains and
losses between the four land use classifications (Water, Forest, Cultivated, and Developed).
Figure 2.4 and 2.5, show false color composite of the study for 2001 and 2018
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Figure 2.4: 2001 color composite for Landsat
Figure 2.5: 2018 color composite for Landsat
7 ETM+, with R, NIR, and Red as Blue, Green 8 OLI, with R, NIR, and Red as Blue, Green
and Red, respectively
and Red, respectively

Results Maximum likelihood class of the two datasets of Landsat 7 for the year 2001 and
Landsat 8 for the year 2018, show how LULC has changed (Figure 2.6). In the 2018 map,
Developed LULC expanded in the center of the watershed and south-east when compared to the
2001 map. Most of the changes occurred due to development (urbanization) in the central area
and the southeast.
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Figure 2.6: Maximum likelihood classification for the Beaver Creek watershed for 2001 (left)
and 2018 (right)

Error Assessment
Table 2.1: Classification Error Assessment Matrix For 2001
Error of
Commission

Water

Forest

Cultivated

Developed

Total

Water

0

0

0

0

0

Forest

0

19

7

7

33

0.424242

Cultivated

1

5

8

7

21

0.619048

Developed

0

0

2

1

3

0.666667

Total
Error
Omission

1

24

17

15

57

1

0.208333

0.529412

0.933333

Table 2.2: Kappa Index of Agreement (KIA) For 2001
Category
Water
Forest
Cultivated
Developed

Reference Image
0.000000
0.267218
0.117857
0.095238

Truth Land Cover
0.000000
0.505208
0.161765
0.014815
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0.508772

Table 2.3: Classification Error Assessment Matrix For 2018

Water
Forest
Cultivated
Developed
Total
Error
Omission

Water
0
0
1
0
1

Forest
0
19
4
1
24

Cultivated
0
4
9
4
17

Developed
0
0
3
12
15

1

0.208333

0.470588

0.2

Total
0
23
17
17
57

Error of Commission
0.173913
0.470588
0.294118

0.298246

Table 2.4: Kappa Index of Agreement (KIA) For 2018
Category
Water
Forest
Cultivated
Developed

Reference Image
0.000000
0.699605
0.329412
0.600840

Truth Land Cover
0.000000
0.650735
0.329412
0.715000

The error of commission and omission for year 2001 is moderately high (Table 2.1 &
2.2) with error of assessment based on 57 random points (Figure 2.7). This also shows low error
of commission and omission for Forest and Developed in 2018, and moderate error for
Cultivated (Table 2.3 & 2.4).
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Figure 2.7: 57 Random sampling points to verify LULC

The accuracy of agreement shown in Table 2.1 & 2.3 revealed how accurate the
classifications are when compared to sample pixels. Overall error of the classification was
reported to be 0.298 and 0.508 for year 2018 and 2001 respectively. This means that more than
70% of the pixel was correctly classified in 2018 and 50% in 2001. Also, an overall Kappa of
0.55 was derived for year 2018 and 0.19 for year 2001. Error of commission and omission for
each LULC was also reported.
Cross –Tabulation
In Figure 2.8, noticeable class changes are evident in the center part of the watershed
where Forest and Cultivated are converted to Developed. This trend is also repeated in the
southeastern part of the watershed. This figure indicates cross tabulation, where the output
represents the change in LULC in the study area from 2001 to 2018.
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Figure 2.8: A pixel cross-tabulation showing combined images

A pixel crosstab showing the relationship between the 2001 and 2018 land use maps of
Beaver Creek is displayed in Table 2.5. Both Forest and Cultivated reduced their pixel count by
33,800 and 2,900 pixels respectively while Developed increased by 36,923 pixels. Cramer's V of
0.6890 showed indicate 31% of change between 2001 and 2018. An overall strong Kappa Index
of Agreement (KIA) of 0.814 indicates a strong agreement between 2001 and 2018. The Kappa
Index of Agreement (KIA) indicates the degree of agreement between the two maps, both in an
overall sense and on a per-category basis.

Table 2.5: Pixel Cross-tabulation
Category
Background Water Forest Cultivated Developed
Background
512683
0
0
0
0
Water
0
96
0
0
4
Forest
0
1
111484
15296
497
Cultivated
0
67
29303
98497
1613
Developed
0
159
20291
18587
19026
Total
512683
323
161078
132380
21140
30

Total
512683
100
127278
129480
58063
827604

For each pixel representing 30 m by 30 m (900 m2), the change in the data can be
converted into the area in square kilometer by multiplying 0.0009 km2 by the number of pixels in
change in the data for the classes as seen in the Table 2.6 and 2.7. Note that the changes noted
for Water are likely artefacts of the season during which the image was captured, due to
drawdown of the reservoir that receives flow from Beaver Creek, and seasonal changes in stream
flow.
Table 2.6: Area (km2) Cross-tabulation with LULC
LULC 2001
Category

LULC
2018

Water
Forest
Cultivated
Developed
Total

Water

Forest Cultivated Developed Total

0.0864
0.0009
0.0603
0.1431
0.2907

0
100.34
26.373
18.262
144.97

0
13.7664
88.6473
16.7283
119.142

0.0036
0.4473
1.4517
17.1234
19.026

0.09
114.55
116.53
52.26
283.43

Table 2.7 further shows the percentage changes that have occurred within the study
period, with Developed LULC and Forest LULC showing 11.72% and 10.73% respectively
when changes are compared to the drainage area of Beaver Creek.

Table 2.7: Changes that have occurred in each land-use class
Legend
Water
Forest
Cultivated
Developed

Square kilometers 2001
0.29
144.97
119.14
19.03

Square kilometers 2018
0.09
114.55
116.53
52.26

31

Changes
-0.2
-30.42
-2.61
33.23

% Changes
-0.070564
-10.73281
-0.920862
11.72424

Land Change Modeler
A graphical view of the LULC changes occurring in the study area (Figure 2.9) showed
that Developed recorded the highest gain (33.23 km2) while Forest recorded the highest losses
(30.42 km2) followed by Cultivated land with a loss of 2.61 km2. Forest lost 44.63 km2 during
this study period (Figure 2.10), out of which 18.01 km2 was gained by Developed and 12.61 km2
was gained by Cultivated (Figure 2.11). Cultivated enjoyed both gain and loss, with 15.28 km2
loss to Developed and 12.61 km2 gain from Forest, making the actual loss for Cultivated to be
2.67 km2.

Figure 2.9: Change analysis showing gains and losses between 2001 and 2018 in km2

Figure 2.10: Change analysis showing net changes between 2001 and 2018 in km2

Figure 2.11: Change analysis showing gains in Developed and Cultivated LULC resulting from
losses in Forest LULC in km2
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Changes in Water: E.coli Load
The two study periods used for evaluation were 1997-2001 and 2014-2018, which
represented five years retroactive for data collection. These study periods were chosen because
of the availability of historical data. The concentration of E.coli load within the study areas is
presented in Table 2.8. Some of the individual historical water samples (1997-2001) reported E.
coli concentration above the individual sample standard of 941 CFU/100mL. Only the geometric
means samples collected in 2018 were compared with sampling standard of 126 CFU/100mL,
because both applied a sampling procedure of “5-in-30” sampling. The complete dataset is
provided in Appendix A.
Table 2.8: Comparison of E. coli load (in CFU/100 mL) from 1997-2001 to E. coli load from
2014-2018 for three sampling sites
BEAVE001.0
BEAVE011.0 BEAVE015.3
Arithmetic Mean
401.64
1,225.50
1,053.79
1997-2001
Geo-Mean
145.92
848.1
903.98
Number of Samples
14
6
14
Arithmetic Mean
283.8
982.97
482.06
2014-2018
Geo-Mean
189.25
981.71
387.88
Number of Samples
8
5
12
2018 only
Geo-Mean
170.82
981.71
401.88
Mann-Whitney U-test p-value
0.946
1
0.03

The geometric mean of the E.coli load collected in 2018 revealed that all the sites
exceeded the 126 CFU/100mL 5-in-30 sampling standard. Also, Mann-Whitney U-test p-value
showed that the E.coli load between period 1997-2001 and 2014-2018 was significantly reduced
only at location 15.0 (p = 0.03). While the E. coli arithmetic mean decreased at sites 1.0 and 11.0
from the first to second time periods, these changes were not statistically significant.

The Statistical Relationship Between Changes in LULC and Water Quality E.coli Load
The arithmetic mean and geometric Mean of E.coli result was computed for each subbasin, and each class of LULC in the spreadsheet. A five-year window was used for both
historical data (1997-2001) and recent data (2014-2018), with W_2001 and W_2018 termed as
historical and recent, respectively, in Table 2.9 which shows summary water quality and land use
data for each watershed for each time period.
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Table 2.9: Summary of E.coli area coverage of LULC in square meter and percentage in the year
2001 and 2018
E.coli Water Quality
Area Value in m2
Data in CFU/100mL
Geometric Arithmetic
Forest
Cultivated
Developed
Mean
Mean
W1.0_2001
145.92
401.64
144,749,425.08 119,168,254.84 18,881,381.88
W11.0_2001

848.10

1,225.50

58,471,771.01

54,374,173.41

9,845,286.80

W15.3_2001

903.98

1,053.79

52,016,049.57

53,349,410.42

8,351,971.39

W1.0_2018

189.25

283.80

114,248,095.13

116,788,520.80

51,952,252.63

W11.0_2018

981.711

982.97

42,585,308.73

55,641,890.13

24,503,508.55

W15.3_2018

387.88

482.06

38,077,300.04

54,387,032.08

21,292,575.46

The Spearman non-parametric correlation coefficient (Table 2.10) was chosen because
the data were not normally distributed. The four categories of data used included: First Category
(all available data without cap), Second Category (all available data except data for site 11.0),
Third Category (capping all available data at 1011.2 CFU/100 mL), and Fourth Category
(capping all available data at 1011.2 CFU/100 mL and omitting data for 11.0).
Statistically significant correlation exists between land use category and E.coli (Table
2.10) and the negative sign indicates the pairs are inversely correlated.

34

Table 2.10: Spearman correlation coefficients for E. coli and LULC for the four categories
Category

Original Data + 11.0

Original Data - 11.0

Capped Data + 11.0

Capped Data - 11.0

LULC Variable
Forest
Cultivated
Developed
Forest
Cultivated
Developed
Forest
Cultivated
Developed
Forest
Cultivated
Developed

E. coli
-0.336
-0.577
-0.40
-0.371
-0.608
-0.454
-0.398
-0.51
-0.248
-0.397
-0.594
-0.381

For all the variables with significant correlations, OLS regression models were
developed, and E represents concentration of E.coli load that can be calculated from the models.
First category
E = - 8.230x10-6(Cultivated) + 1332.373 …………. (1)
Second category
E = -6.611x10-6(Cultivated) + 1072.462 ………….(2)
Third category
E = -5.716x10-6(Cultivated) + 964.711 ………….(3)
Fourth category
E = -1.540x10-5(Developed) + 929.885 ………….(4)
For Model 1, variables Forest and Cultivated were retained and the model
explained 21% of the variability in the data (R2 = 0.21, p < 0.001). However, due to
multicollinearity with a variance inflation factor of 17, the weaker variable Forest was
dropped and therefore, the new model with the single independent variable Cultivated
(equation 1 above) was selected as the best model for the first data category (R2 = 0.15).
For Model 2, only the variable Cultivated was retained and the model explained 29% of
the variability in the data (R2=0.29, p < 0.001) This model, has the highest R2 and as
such it stand as the best of all the models for all data categories. Model 3 also retained
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only Cultivated, and explained 24% of the variability in E. coli data (R2 = 0.24, p <
0.001). The last model, like models 2 and 3 retained only the variable Developed and
explained the least amount of variability in the data (R2 = 0.15, p < 0.006).

DISCUSSION
Discussion is presented in three sections similar to the results, namely: (1) Changes in
LULC (2) Water quality: E.coli load (3) The statistical relationship between changes in LULC
and water quality.

Changes in LULC
In Beaver Creek watershed, within the study period (2001 to 2018), Developed LULC
increased by 33 km2 in area while Forest LULC and Cultivated LULC decreased, with Forest
LULC reducing in size by 30 km2 and cultivated by 2.61 km2. This means that more impervious
LULC was created while pervious LULC was reduced. The creation of more impervious LULC
is a critical factor behind changes in hydrological systems, which causes changes in runoff that
may impact frequency of peak flow, the volume of discharge, and water quality. This trend was
also found in similar studies where changes in LULC were examined (Tang et al. 2005; Ding et
al. 2015; Holman-Dodds et al. 2003). Unchecked LULC change from Forest LULC to
Developed LULC can be related to an increase in industry or population density (Tang et al.
2005). As a result, impervious surface will be increasingly affecting the natural hydrologic
condition within the watershed by increasing runoff and nonpoint source (NPS) pollution (Tang
et al. 2005).

Water Quality: E.coli Load
The grouping of the E.coli data into four categories helped assess the impact of values
that were out of range for the Colilert Quanti-tray method (a maximum value of 1,011.2
CFU/100 mL), and lack of comparable historical data at site 11.0. Qualitative analysis of
arithmetic and geometric means showed mixed results. At site 1.0, the arithmetic mean decreased
and geometric mean increased for E.coli load. At site 11.0, E.coli load decreased for arithmetic
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mean but increased for geometric mean within the study period. At site 15.3, the arithmetic and
geometric means of E.coli load decreased within the study period.
Statistical analysis of these differences, using the Mann Whitney test, showed that only
the decrease measured at site 15.3 was statistically significant, and this may be attributed to
restoration work carried out in the Virginia portion of Beaver Creek, completed in 2012 (stage 1)
and 2014 (stage 2). These restoration programs included installation of streamside fencing for
cattle exclusion, correction of straight-pipes, repair of septic systems, residential education,
street sweeping, vegetated buffer development, runoff treatment efficiency, improved pasture,
rain gardens, bioretention filters, retention ponds, and riparian buffer projects (Virginia
Department of Conservation and Recreation 2007).
Despite some improvement noticed in recent sampling data (site 1.0 and 15.3), none of
the sites meet the sampling standard of 126 CFU/100mL for 5-in-30 sampling and each of the
sites reported, in some samples, E. coli concentrations greater than 941 CFU/100mL which is the
individual sample standard (TDEC 2018). More restoration work such as bank stabilization,
construction of litter traps, riparian buffers, and raingarden needs to be done, especially in the
location upstream of sites 11.0 and 1.0. This will further reduce the E.coli load and help the
creek to meet the specifications of the TMDL (Barrigar et al. 2011).
The Statistical Relationship Between Changes in LULC and Water Quality
This study showed that a significant relationship exists between the LULC and E.coli
concentration (surface water quality) (Table 2.10). In general, there was an inverse relationship
between E.coli load, Cultivated LULC, Developed LULC and Forest LULC. This means that as
LULC transitioned from one class to the other, E.coli load decreased in the watershed. The
correlation measured between E.coli concentration and LULC was negative for all LULC
categories, this indicates that as the area of these LULC categories increases, E.coli load in the
watershed is expected to decrease. Cultivated LULC is the most related LULC to E.coli load in
the study area and Forest LULC was the only category that lost area.
OLS models for each of the data categories agreed with the correlation results, as
expected,
•

Category 1: The initial model showed that an inverse correlation exists between E.coli
load and Cultivated LULC and Forest LULC. However, due to multicollinearity, the
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independent variable Forest was dropped, because the variance inflation factor (VIF) was
greater than 10. The negative coefficient indicates that increased Cultivated LULC was
related to reduced concentration of E.coli in the creek.
•

Category 2: A negative correlation was observed between E.coli load and Cultivated
LULC, with a negative coefficient magnitude. This means that increase in Cultivated
LULC is related to reduced concentration of E.coli in the creek. This is the strongest of
all the models, because it explains more of the variability of E.coli.

•

Category 3: This category also revealed a negative correlation between E.coli load and
Cultivated LULC, with a negative coefficient magnitude. This can be interpreted as, the
greater the area of Cultivated LULC, the lower the concentration of E.coli.

•

Category 4: This also shows an opposite correlation between E.coli load Developed
LULC and this is the only model that captured Developed LULC. Indicating that
Developed LULC was helping to reduce the concentration of E.coli in the creek. This
model, however, had the smallest coefficient of determination with model 1 at R2 = 0.15.
In the four models, Cultivated LULC is an important predictor in estimating concentration

of E.coli in the creek. Forest LULC and Developed LULC are also reported in models 1 and 4
respectively, in Beaver Creek. Because coefficients of determination (R2 values) were low and
changes in all LULC categories were associated with reductions in E. coli concentration, other
factors are likely important driving forces for improvements in water quality. One such factor is
restoration work carried out in the Virginia portion of Beaver Creek which may be yielding good
results in improved water quality at site 15.3. While increases in cultivated land may create
problems with runoff-induced increases in E. coli, the restoration work in Virginia may explain
the results observed in these data. Also, the result of this relationship brings in a new set of
questions such as what other factors may be responsible for the higher mean in E.coli load noticed,
especially at site 11.0 and 1.0, since this study revealed that LULC changes are related to reduced
E.coli.
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CONCLUSION
Conclusions are presented in three different sections similar to the method, result, and
discussion: (1) Changes in LULC, (2) Water quality: E.coli load, and (3) The statistical
relationship between changes in LULC and water quality.
Changes in LULC
In Beaver Creek watershed, the two most noticeable land use changes are Developed
LULC and Forest LULC with the former being the highest gainer and the later the highest loser.
Most of the changes in LULC occurred in central part spreading between north east and south
east. Increase in Developed LULC means that the there is a continued change to the creek
hydrological systems.
Water Quality: E.coli Load
A statistically significant improvement in E.coli concentration (E) was measured at site
15.3, which may be partly connected to restoration work that was completed upstream between
the first and second sample periods. While this improvement is heartening, Beaver Creek
watershed is still not in attainment of the water quality standard of 126 CFU/100mL for a 5-in-30
sampling strategy at all sites.
The Statistical Relationship Between Changes in LULC and Water Quality
A negative correlation in E.coli load in the creek revealed significant relationship with
Cultivated LULC, Developed LULC and Forest LULC, and these are the three most apparent
land-use changes in the creek. The following models were developed to estimate E.coli load in
Beaver Creek.
E = - 8.230x10-6(Cultivated) + 1332.373 …………. (1)
E = -6.611x10-6(Cultivated) + 1072.462 ………….(2)
E = -5.716x10-6(Cultivated) + 964.711 ………….(3)
E = -1.540x10-5(Developed) + 929.885 ………….(4)
The four models stated above can be used to estimate E.coli load in Beaver Creek.
However, model 2 stands out as the best model, because it has a higher R2 value.
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INTRODUCTION
The pioneering work by Crawford and Linsley in 1966 and the exponential growth of
computing capability in the 1960s has led to comprehensive watershed modeling (Singh and
Frevert 2003; Woltemade et al. 2003). Numerous watershed models have been developed, and
the development of more and more integrated and comprehensive models continues today
(Donigian and Imhoff 2006). The integration of satellite imagery and GIS in hydrologic
modeling has increased the proliferation of watershed modeling in the field of hydrology. This
trend has continued to receive acceptance with the addition of a user-friendly Graphical User
Interface (GUI) (Duda et al. 2012). Watershed models help to analyze and evaluate the benefits
of proposed improvements, predict the future occurrence of runoff, and as such, they are a
valuable tool for watershed management (Daniel et al. 2011). Over the years, hydrological
models have been established to simulate the quality and amount of groundwater and surface
runoff and estimate the environmental impact of changes in land use and climate change (Jang et
al. 2015). Some of the free public domain software commonly used for hydrological modeling
are Soil & Water Assessment Tool (SWAT), Modular Finite-Difference Flow (MODFLOW),
and Hydrologic Engineering Center – Hydrologic Modeling System (HEC-HMS).
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HEC-HMS, a watershed hydrological model software developed by the US Army Corps
of Engineers, is a free software first published in 1992. It is designed to simulate precipitation
run-off of a dendritic watershed system (Halwatura and Najim 2013; USACE 2018). HEC-HMS
has been used in different studies such as simulation of rainfall-runoff processes to compute
runoff volume, peak runoff rate, base flow, and flow routing (Halwatura and Najim; Choudhari
et al. 2014; USACE 2018). The software has three GUI namely component, compute, and result.
The component GUI comprises of Basin component manager, used for building up the basin
topology. The Meteorological component is used for specifying the hyetography which is the
graphical representation of rainfall distribution. Control specification and input data are the two
other components that must be specified and uploaded respectively. Once all components are
specified, the compute GUI is used to authorize the simulation and the result GUI is used to view
the simulated result (USACE 2018).
Globally, HEC-HMS is attracting more users. In China, the software has been used to
simulate discharge in small watershed of the Loess Plateau area, and sensitivity parameters were
analyzed (Zhang et al. 2009). Laouacheria also found HEC-HMS a best fit in simulating flood
events compared to Watershed Bounded Network Model (WBNM) in Algeria (Laouacheria and
Mansouri 2015). In the United States, HEC-HMS model has been used to optimize parameters,
hydrologic processes and water balance components (Knebi et al. 2005; Zhang et al. 2013). It has
also been used to examine the Impact of Land Use Land Cover (LULC) changes on peak
discharges (Hu and Shrestha 2020).
One of the impairments for Beaver Creek watershed is sedimentation as listed in the
303(d) Final Year 2018 (TDEC 2018). However, there are no suspended sediment data available
for analysis, and limited turbidity data which are also important in the assessment of sediment
load. There is a positive relationship between the total sediment load for a rainstorm and the peak
discharge for the rainstorm because both are a function of rainstorm energy (Rankl 2004).
Therefore, stream discharge is an important parameter in watershed sediment models. This study
aims to develop a discharge model for Beaver Creek which can be used as a tool to help with
decision making in watershed management and restoration and lay the groundwork for further
studies of sediment load.
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BACKGROUND OF STUDY AREA
Beaver Creek (HUC06010102) is a 40.9 km long stream flowing from southwest Virginia
into northeast Tennessee. Approximately 52 % (148.4 km2) of the watershed is in Sullivan
County, Tennessee and 48 % (130 km2) in Washington County, Virginia. Beaver Creek, which
drains a 284 km2 watershed, is listed on the 2018 303(d) list of impaired streams and does not
support its designated use for recreation as a result of Escherichia coli (E.coli) and sediment
(TDEC 2018). The creek has an active USGS gauge located in Bristol, Virginia (36.6318, 82.13369) that records stream discharge at 15-minute intervals. LULC change in the watershed
between 2001 and 2018 resulted in the loss of 30 km2 Forest LULC and the gain of 33.23 km2 of
Developed LULC (James et al. forthcoming), which may increase stormwater runoff and
sediment load. Regression statistical analysis for discharge against time from 2007 to 2018 (the
years for which discharge data were available) indicated that there is a small, but statistically
significant increase in discharge during this period.
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Figure 3.1: Beaver Creek watershed, Northeast Tennessee and Southwest Virginia
The Beaver Creek watershed is located in the Valley and Ridge physiographic province
in the southern Appalachians. The Valley and Ridge consists of folded and faulted Paleozoic
sedimentary rock that has eroded into northeast-southwest trending ridges and valleys. The
geologic age is Ordovician and Cambrian made of Sevier Shale, Elbrook formation and Knox
group with limestone (dolomite) and dolostone, which contain shale, calcite-rich siltstone, silty
limestone, and limestone with ample dolomite ribbons that serve as parent material for the soil in
the area (Hardeman et al. 1966; Tennessee Geologic Map Data 02/20/2020).The soil is abundant
in chert and dolostone fragments and ranges from silty clay loam to silt loam, with more than
52% Dewey-Unorthents-Urban land complex (Soil Survey Staff 2017).
The study area has a humid subtropical climate, characterized by hot and humid
summers, and cold to mild winters. Average summer temperature is 84 0F (28.9 0C) in July and
average winter temperature drops to a minimum 25 0F (-3.9 0C) in January with 53.9 0F (12.2 0C)
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recorded as the average January temperature. Average rainfall is 43.6 inches (1.1 meters) with
134.1 days of precipitation per year (AccuWeather 2016).

METHODS
Beaver Creek watershed modelling methods are broken down into three steps:
1. Model discharge in the up-stream sub-basins.
2. Calibrate upstream model using USGS gauge data.
3. Estimate discharge for Beaver Creek.

Modelling Discharge in the Upper-Stream Sub-Basins
To develop a calibrated model, observed discharge data are required for the optimization
of the model. In Beaver Creek watershed, USGS gauge station 03477500 was the only active
stream gauge station in the basin (https://streamstats.usgs.gov/ss/). Therefore, it became
imperative to first create a watershed base map (Figure 3.2) of the upstream portion of the
watershed, using the USGS gauge as the outlet. This exercise was carried out with ArcSWAT
2012.10.4.21 (https://swat.tamu.edu/), and the upstream map served as a guide in building the
topology of the basin in HEC-HMS. Also, in ArcSWAT, the area of each sub-basin was
delineated, the Curve Number (CN) was spooled and the weighted average for CN was
calculated using the formula below.
CN

=

∑ Ai x CNi
∑ Ai

where CN is the Curve Number, and Ai is the area of each sub-watershed i.
Other input parameters such as percentage of impervious surface were first derived in
ArcGIS using National Land Cover Data (Homer et al. 2020), which is the most recent dataset
available and then compared with Urban Hydrology for Small Watersheds manual (UHSW
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1986). This comparison was completed to confirm that the derived values were within an
acceptable range. Lag time, which is the time interval between the peak of rainfall and discharge,
was derived by plotting precipitation hyetograph and discharge hydrography. Four different
rainfall events were plotted against discharge at the USGS gauge. The precipitation data were
obtain from Weather Underground
(https://www.wunderground.com/dashboard/pws/KVAABING35/table/2020-03-2/2020-032/daily). The time between peak discharge and precipitation was calculated for each storm and
averaged to obtain the lag time. Appendix B shows the input data supplied to HEC-HMS
HEC-HMS version 4.3 (https://www.hec.usace.army.mil/software/hec-hms/) was used to
model discharge and the following steps were carried out. The first stage was to create a project
and upload a shapefile of the study area (Figure 3.2).

Figure 3.2: Upstream watershed with six sub-basins
Next was the use of topology to build six sub-basins, eight channels (reaches), three
junctions, and one outlet. HEC-HMS permits manual configuration of these hydrologic elements;
this gave the analyst the opportunity to design the basin after conducting literature reviews and
reconnaissance surveys of the study area. Soil Conservation Service - Curve Number (SCS-CN)
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was selected for loss method which is used to model the amount of direct runoff from the
supplied rainfall. Curve Number depends on hydrologic soil group, LULC management, and
hydrologic conditions of each sub-basin. Curve number value ranges from 30 to 100, with the
smaller number indicating low runoff while number tending to 100 indicates potential high
runoff. SCS unit hydrograph was specified as a “transformed method”. The transformed method
allows the user to state how excess rainfall is to be converted to direct runoff, and in this case, a
baseflow method of “constant monthly” was specified, to generate total streamflow hydrograph.
In calculating the constant monthly baseflow, a time series graph of output from the previous
simulation baseflow was observed to be 1 m3/s and 0.5 m3/s below the measured baseflow for
January to August and September to December, respectively. Therefore, these values were
divided by the number of sub-basins defined in the watershed model (n=6) to arrive at a monthly
baseflow of 0.16 m3/s and 0.08 m3/s, respectively. A lower baseflow value was supplied to the
last four months of the year because of the overestimation in fall and early winter discharge in
preliminary models, and the seasonal pattern of precipitation. Finally, CN derived from
ArcSWAT and the weighted average were uploaded.
Daily precipitation data for each sub-basin were collected from PRISM climate group
(http://www.prism.oregonstate.edu/explorer/) and uploaded for a period of twelve months
(January 2013 to December 2013). The time series precipitation data were the daily depth of
rainfall for each sub-basin centroid. In downloading the PRISM data, the latitude and longitude
of the centroid of each sub-basin were supplied. Also, measured discharge data from USGS
Gauge 03477500, located at the outlet of the upstream watershed for the same period (January
2013 to December 2013) was uploaded (USGS Streamstats 2016). Finally, the control
specification was set to run within the available data period, and simulated output was read from
the result GUI.

Calibrate Upstream Model using USGS Gauge Data
HEC-HMS permits manual calibration by trial. In this study, the CN of each sub-basin
was globally calibrated to correlate with the measured discharge. The global calibration process
scales down the CN of each sub-basin by a scaling factor (Table 3.3), with the goal of optimizing
CN values to obtain the best fit of modelled discharge to measured discharge. This was assessed
using the Nash-Sutcliffe efficiency.
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Simulating Discharge for Beaver Creek
Watershed model component for the Beaver Creek consisted of 15 sub-basins, 11
junctions, 11 channels (reaches), and one outlet. Daily precipitation data for each sub-basin
collected from PRISM from January 2013 to October 2019 were uploaded. Control points were
set to run the model from December 2012 to October 2019. In setting up parameters such as CN
for the sub-basins, the optimization results from the prior step were used to scale down the
calculated CN. This means that two sets of results were collected: first, simulated discharge
without scaling the CN (pre-scaling) and second, simulated discharge after scaling the CN (postscaling).

RESULTS
In the study area, prerequisite input values for the model such as the Curve Number (CN)
calculated as a weighted average of CN for each HRU identified in ArcSWAT are shown in
Figure 3.3. Percentage impervious, calculated using NLCD 2016 (Homer et al. 2020) data are
displayed in Figure 3.4. Sub-basin 6 was identified as the sub-basin with the highest percentage
of imperviousness (31.63%).

Figure 3.3 CN range map (left) and weighted average CN input map (right) of the upstream
watershed
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Figure 3.4: Upstream watershed imperviousness
A lag time of 120 minutes was calculated from the average of four different lag times,
calculated for four precipitation – discharge responses (Figure 3.5).
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Figure 3.5: Hydrograph and hyetograph calculation of lag time
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In HEC-HMS, the upstream basin with 6 sub-basins, channels, junctions and 1 outlet were
created (Figure 3.6). The outlet is at the same location as the USGS gauge station.

USGS gauge

Figure 3.6: Upstream watershed base map with six sub-basins, three junctions, eight channels
and one outlet

The upstream watershed with six sub-basins, which lies within the Virginia portion of the
Beaver Creek watershed, had an area of 61.74 km2 and received an average precipitation depth
of 1,451.70 mm/year (Table 3.1) and the peak discharge months were between November and
January. Sub-basin 5 recorded the highest peak discharge of 2.5 m3/s on November 26, 2013
(Figure 3.5) when compared to the remaining 5 sub-basins in the upstream watershed of Beaver
Creek. Volume was measured as a linear component because it is a representation of the depth of
discharge, referred to as stage.
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Table 3.1: Summary of Simulated Result
Sub-Basin
Peak Discharge (m3/s)
Precipitation Depth (mm)
Loss Depth (mm)
Excess Depth (mm)
Date of Peak Discharge
Baseflow Depth (mm)
Direct Runoff Depth (mm)
Discharge Depth (mm)

1
2
1.0
0.6
1449.65 1449.65
1340.13 1356.50
109.52
93.15
11/26/13 11/26/13
213.29
482.49
109.48
93.11
430.77
574.60

3
0.2
1464.80
1339.14
125.66
09/01/13
2133.25
125.65
2258.89

4
5
6
0.7
2.5
2.2
1449.65 1464.80 1449.65
1174.76 1246.59 929.14
274.89
218.21
520.51
11/26/13 11/26/13 01/15/13
705.12
211.29
346.17
274.83
218.21
520.43
979.95
429.50
866.60

Sub-basins 3 and 5 received the highest depth of rainfall at 1,464.80 mm. Loss depth
(surface storage and infiltraion), which is the amount of rainfall that does not contribute to direct
surface runoff is highest at sub-basin 2 and lowest as sub-basin 6. The highest excess depth
which measures the depth of rainfall available for direct surface runoff is 520.51 mm, and was
recorded at sub-basin 6. Baseflow depth, which represents the contribution of groundwater in the
watershed is highest at sub-basin 3 with a value of 2,133.25 mm. Sub-basin 3,4, and 6 are the
three sub-basins with the highest discharges.
After calibration, an improvement was noticed as shown by the output compared to the
simulated data (Table 3.2) with Nash-Sutcliffe improving from -19.532 to 0.007. This falls
within the satisfactory range of Nash-Sutcliffe value, which is between 0.0 to 1.0, with 1.0
representing a perfect match and values less than 0.0, indicate that the mean of the observed data
is a better predictor.

Table 3.2: Comparing statistics result of uncalibrated and calibrated model outputs at the
upstream outlet (USGS Gauge station)
Before Calibration
After Calibration
Variables
Observed Simulated
Observed
Simulated
3
Peak Discharge (m /s)
9.8
24.0
9.8
7.0
Depth of Discharge (mm)
646.84
1735.70
646.84
646.80
Nash-Sutcliffe
-19.532
0.007

Optimization helped to improve the simulated data, thereby minimizing the difference
between observed and simulated peak flow to 2.8 m3/s, and 0.04 mm for discharge. CN was the
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only parameter optimized for all six sub-basins during calibration by scaling down the input
values with a scaling factor of 0.0751708 (Table 3.3). The constant scaling value (0.0751708)
was generated by HEC-HMS after conducting 100 iterations in the calibration process, during
which the optimum calibrated CN value for each sub-basin was found by multiplying input CN
with the generated scaling value.
Table 3.3: Optimized Variables and Values

A scatter plot of measured versus simulated discharge created using Web-based
Hydrograph Analysis Tool (WHAT, 2020: https://engineering.purdue.edu/mapserve/WHAT/)
(Figure 3.7) shows that R2 is approximately 0.2 and Nash-Sutcliffe efficiency is 0.01. This
represents that 20% of the variability in the observed discharge data was captured by the model
of simulated discharge. The actual Nash-Sutcliffe efficiency reported in the HEC-HMS output
was 0.007, indicating that the simulated discharge data are a satisfactory representation of the
measured discharge data.
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Figure 3.7: Comparison of measured discharge and simulated discharge data
Figure 3.8 displays simulated and observed discharge at the outlet of the upstream basin.
The simulated peak discharge follows the observed discharge in most instances. However,
simulated peaks underestimated the observed peaks in the months of January to June and
overestimated from July to December. The baseflow was also a good estimation for most months
of the year, except March to May, and December, where simulated baseflow recession was
observed to drop faster when compared with measured data.
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Figure 3.8: Observed and simulated discharge at the outlet of the upstream watershed, after
calibration
The full watershed of Beaver Creek (Figure 3.9) was created with 15 sub-basins and the
CN scaling factor of 0.0751708 generated from the upstream watershed model, was applied to
each sub-basin CN. Sub-basins 16 and 15 were the two sub-basins corresponding to the upstream
watershed modeled in the previous step. Sub-basin 16 was a combination of sub-basins 1, 2, 4
and 6 while sub-basin 15 was a combination of sub-basins 3 and 5 in the upstream watershed
(Figure 3.2).
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Figure 3.9: Basin component manager of the study area showing 15 sub-basins

In Beaver Creek watershed outlet, the peak discharge was simulated to be 122 m3/s, and
100.90 m3/s for pre-scaling and post-scaling, respectively. Sub-basins 15, 6, and 14 were the subbasins with the highest peak discharges both in pre-scaling and post-scaling with values of 22.7
m3/s, 16.1 m3/s, and 14.3 m3/s respectively for pre-scaling, and 18.7 m3/s, 13.4 m3/s, and 12.3
m3/s respectively for post-scaling (Table 3.4).
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Table 3.4: Pre-Scaling and Post-Scaling Global Summary of Beaver Creek Watershed
Pre-scaling CN
Depth of
Discharge
Discharge
/Area
(mm)
8,787.31
0.43

Outlet

Peak
Discharge
(m3/s)
122.00

Subbasin-1

2.61

1.50

9,099.13

0.57

1.40

6784.48

0.54

Subbasin-2

9.01

4.50

8,705.49

0.50

3.40

6742.00

0.38

Subbasin-4

22.48

11.90

8,971.58

0.53

9.40

7958.03

0.42

Subbasin-5

14.4

6.60

9,098.06

0.46

5.70

6166.30

0.40

Subbasin-6

33.64

16.10

9,031.65

0.48

13.40

7037.05

0.40

Subbasin-7

3.39

1.60

9,026.18

0.47

1.30

6462.76

0.38

Subbasin-8

2.59

1.20

9,228.48

0.46

1.00

6117.46

0.39

Subbasin-9

20.69

9.50

9,191.38

0.46

8.00

6571.52

0.39

Subbasin-10

4.13

2.10

9,052.00

0.51

1.70

7636.25

0.41

Subbasin-11

23.77

11.50

8,918.51

0.48

9.10

7076.27

0.38

Subbasin-12

31.59

13.90

8,702.88

0.44

11.60

6412.34

0.37

Subbasin-13

22.89

10.10

8,530.88

0.44

8.00

5448.91

0.35

Subbasin-14

29.85

14.30

8,512.35

0.48

12.30

5828.71

0.41

Subbasin-15

41.83

22.70

8,533.55

0.54

18.70

5153.06

0.45

Subbasin-16

19.86

9.70

8,594.55

0.49

8.00

5170.36

0.40

Hydrologic
Element

Peak
Discharge
(m3/s)
100.90

Post-scaling CN
Depth of
Discharge
Discharge
/Area
(mm)
6281.04
0.36

Drainage
Area
(km2)
282.73

Because discharge is related to sub-basin area, the discharge reported at each sub-basins
was divided by the area of their respective sub-basin in Km2 to identify the three sub-basins with
the highest relative peak discharge. This approach may identify sub-basins with excess discharge
relative to their size, which may be an indication of excess sedimentation (Table 3.4). Only subbasin 15 was present in both methods of classifying sub-basin with high peak discharge.
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Figure 3.10: Post-scaling graph of simulated discharge at Beaver Creek Watershed outlet in
response to daily precipitation. The primary axis represents simulated discharge, and the
secondary axis represents precipitation

At the Beaver Creek watershed outlet, the simulated volume of peak discharge responded
adequately to precipitation received assessed by qualitative comparison of a time-series graph of
precipitation and discharge (Figure 3.10). The highest peak discharge simulated during this study
period was on April 27, 2017 with a peak discharge value of 100.9 m3/s and a depth of 6,276.37
mm. The peak discharge date recorded was preceded by four days of continuous high
precipitation

DISCUSSION
The simulated discharge in the upstream watershed of Beaver Creek showed satisfactory
improvement after calibration was performed with R2 of 0.2 demonstrating that 20% of the
variability of the stream discharge data was captured by the model and an improvement in the
Nash-Sutcliffe efficiency from -19.532 to 0.007. These metrics showed that HEC-HMS
calibration improved the simulated discharge, and the model performs satisfactorily. However,
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the satisfactory Nash-Sutcliffe value was on the lower end of the acceptable range. The reason
for this marginal representation of observed discharge data may be because the constant monthly
baseflow method used was an estimation derived from a review of preliminary simulation output,
and this may not necessarily represent the actual baseflow. As such, these statistical values can
further be improved by uploading actual base flow, calculated using recession method. This is
proposed because, while the simulated discharge in the upper watershed had good agreement
with the timing of peaks, the simulated flows dropped too quickly (their recession was too fast).
Calculation of the recession constants for the upper watershed, and incorporating those in future
models may help to alleviate this and improve the model. Also, deployment of a second gauge at
the outlet of the full watershed is needed to provide early warning of high flow in Beaver Creek
watershed and also serve as an important factor for calibrating the full watershed model
In addition to the above, downloading a 15 minute or hourly discharge and precipitation
(higher resolution radar) data, and setting up the simulation to run at this detailed time will
further help to improve the simulated output, unlike the present simulation that runs on daily
precipitation and dischargs data. However, a high power computer might be needed to achieve
this level of detail.
The graphical representation (Figure 3.10) of the simulated discharge and observed
discharge showed that the HEC-HMS model generally simulated discharge at the upstream
watershed sufficiently. However, underestimation was noticed in the first three months and
overestimation in the last month of the year 2013 Also, the rate of recession for the simulated
discharge was observed to be faster than for the observed data. This fair performance of the
model can be improved upon by individually optimizing the CN value for each sub-basin,
calculatng the actual recession constant from the hydrographic method, and finally adpoting a
different baseflow method.
The full Beaver Creek watershed was created with 15 different sub-basins, and 15
different precipitation data were spooled from PRISM. The graph of post-scaling discharge vs.
precipitation shows that simulated discharge responded adequately to precipitation received, this
is an indication that the simulation was satisfactory. The peak discharge recorded at the
watershed outlet was 122 m3/s and 109 m3/s for the pre-scaled and post-scaled, respectively. This
means that there was a decrease of 13 m3/s in peak discharge after scaling the CN’s. The three
sub-basins with the highest relative peak discharge (normalized by sub-watershed area, Table
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3.4) were 1, 15, and 4. Sub-basin 15 need to be given special attention because it appeared on the
top three peak discharge list in both pre-normalization and post-normalization. Sub-basins 15
and 4 are near the watershed crest divide with rapid slope changes, while sub-basin 1 is the subbasin where the watershed outlet is located, which has more development and increased
imperviousness. These might explain why these sub-basins reported higher discharge when
compared to other sub-basin in the watershed. These three sub-basins need to be further studied
for possible flash flooding, which is an indication for an increase in turbidity and sediment load.
Futures studies should put into consideration LULC, soil cohesiveness and land slope, to get
more comprehensive information about sediment load.

CONCLUSION
In Beaver Creek watershed, three sub-basins were identified as having high peak
discharges which is one of the variables directly related to sediment load (Rankl 2004). The
highest peak simulated discharge at the outlet during this study period was on April 27, 2017
with a peak discharge of 100.9 m3/s and a depth of 6,276.37 mm. The simulated discharge in the
upstream of Beaver Creek watershed showed an improvement after calibration, with R2 of 0.2
indicating that 20% of the variability in discharge data was captured in the analysis. A NashSutcliffe efficiency of 0.007 (improved from a pre-calibration value of -19.532) showed that
HEC-HMS simulation of the observed discharge was satisfactory. In the full Beaver Creek
watershed, sub-basin 1, 15 and 4 were stimulated with high discharges, with sub-basin 15
standing out since it is on the two lists of peak discharge. Sub-basins identified with peak
discharge are potential for high sediment load which is one of the impairments for Beaver Creek
watershed. To improve the model, recession values for the baseflow method should be
calculated, 15 minute or hourly discharge data should be used. Also, higher resolution radar
precipitation data should be used. Other variables such as LULC, soil cohesiveness and land
slope should be considered in future studies.
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CHAPTER 4. CONCLUSION
Beaver Creek watershed, which is classified as impaired for pathogens (E.coli) and high
sediment load (Siltation), has been examined by these two studies. The first study examined
E.coli concentration during two different time periods and its relationship to changes in land use.
The second study modelled discharge in the study area, as a first step to developing a model for
sediment, since there is a direct relationship between the intensity of discharge and sediment
load.
In study one, LULC from 2001 to 2018 was examined. Developed LULC coverage
increased by 33.23 km2 while Forest land use reduced by 30.42 km2 and this means more
impervious LULC was created. This is a critical factor behind changes in hydrological systems,
which cause a difference in runoff such as frequency of peak flow, the volume of discharge, and
water quality. Improvements have been observed in the concentration of E.coli in Beaver Creek
between the time group of 1997-2001 and 2014-2018. However, the watershed has yet to reach
prescribed TMDL sampling standard of 126 colony forming units per 100mL (CFU/100mL) for
a 5-in-30 sampling protocol. A significant negative relationship was identified for E.coli load in
Beaver Creek with respect to changes in LULC and increases in Cultivated LULC were
associated with decreases in E.coli load.
In study two, simulated discharge in the upstream of Beaver Creek watershed showed an
improvement after calibration from -19.532 to 0.007 when Nash-Sutcliffe efficiency was
examined. This is a satisfactory metric, revealing that HEC-HMS simulated discharge agrees
with the observed discharge. In the full watershed of Beaver Creek, Sub-basins 1, 15 and 4 were
recorded as the three sub-basins with high peak discharge and needs to be studied further with
consideration to LULC, soil cohesiveness, and land slope for a possible increase in turbidity, and
sediment load.
These studies analyzed the impairment of Beaver Creek watershed and have shown that
Developed LULC and Forest LULC are the two LULC that are rapidly changing classes. LULC
in Beaver Creek watershed has a negative correlation with E.coli load for all LULC classes.
Continued enforcement of TDML is encouraged despite the improvements in the concentration
of E.coli in the creek, especially at site 15.3, since the creek has yet to reach the prescribed
standard. Sedimentation in the creek can better be evaluated with sediment load data and
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turbidity data. However, development of a model for discharge peak, intensity, and frequency of
discharge is a precursor to sedimentation analysis and modelling.
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APPENDICES
Appendix A: Individual Concentration of E.coli (CFU/100mL), Area of LULC (m2)
E.coli Sample Site & Year

E.coli Load

Forest (m2)

W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W1.0_2001
W11.0_2001
W11.0_2001
W11.0_2001
W11.0_2001
W11.0_2001
W11.0_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W15.3_2001
W1.0_2018
W1.0_2018
W1.0_2018
W1.0_2018
W1.0_2018
W11.0_2018
W11.0_2018
W11.0_2018
W11.0_2018
W11.0_2018
W15.3_2018
W15.3_2018
W15.3_2018
W15.3_2018
W15.3_2018

249.00
144.00
5.00
1,090.00
2,110.00
200.00
520.00
2,430.00
630.00
630.00
1,220.00
613.00
200.00
3,590.00
1,100.00
1,553.00
1,300.00
613.00
6,890.00
30,760.00
5,210.00
18,600.00
3,320.00
1,350.00
1,011.20
224.93
76.93
91.87
90.47
1,011.20
1,011.20
994.33
1,011.20
886.90
1,011.20
930.53
314.90
207.73
170.30

144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
144,749,425.08
58,471,771.01
58,471,771.01
58,471,771.01
58,471,771.01
58,471,771.01
58,471,771.01
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
52,016,049.57
114,248,095.13
114,248,095.13
114,248,095.13
114,248,095.13
114,248,095.13
42,585,308.73
42,585,308.73
42,585,308.73
42,585,308.73
42,585,308.73
38,077,300.04
38,077,300.04
38,077,300.04
38,077,300.04
38,077,300.04
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Cultivated
(m2)
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
119,168,254.84
54,374,173.41
54,374,173.41
54,374,173.41
54,374,173.41
54,374,173.41
54,374,173.41
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
53,349,410.42
116,788,520.80
116,788,520.80
116,788,520.80
116,788,520.80
116,788,520.80
55,641,890.13
55,641,890.13
55,641,890.13
55,641,890.13
55,641,890.13
54,387,032.08
54,387,032.08
54,387,032.08
54,387,032.08
54,387,032.08

Developed
(m2)
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
18,881,381.88
9,845,286.80
9,845,286.80
9,845,286.80
9,845,286.80
9,845,286.80
9,845,286.80
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
8,351,971.39
51,952,252.63
51,952,252.63
51,952,252.63
51,952,252.63
51,952,252.63
24,503,508.55
24,503,508.55
24,503,508.55
24,503,508.55
24,503,508.55
21,292,575.46
21,292,575.46
21,292,575.46
21,292,575.46
21,292,575.46

Appendix B: Summary of Input Parameters
Watershed
1
2
3
4
5
6

Area (Km2)
13.08
8.71
1.97
5.96
19.89
12.14

Curve Number
61.32
61.47
62.27
62.39
63.1
65.52
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Percentage
Impervious
2.8
2.25
4.35
13.86
9.96
31.68

Lag Time
(Mins)
120
120
120
120
120
120
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